ABSTRACT: The aim of this study was to evaluate the presence of type-II secretory phospholipase A2 (sPLA2-IIA) in alveolar space and its possible role in the destruction of surfactant in three rat models of acute lung injury.
Surfactant degradation has been shown to be one of the key features of acute respiratory distress syndrome (ARDS) leading to a decrease in both lung compliance and oxygenation [1, 2] . Consequently, several clinical trials have evaluated the effect of exogenous surfactant administration. However, the relative inef cacy of this approach has been attributed to insuf cient alveolar delivery of exogenous surfactant and/or to its inhibition/degradation by alveolar enzymatic activities [2] . Along this line, type-IIA secretory phospholipase A2 (sPLA2-IIA), an enzyme produced by alveolar in ammatory cells during acute lung injury (ALI), has previously been shown to participate in surfactant degradation [3] [4] [5] . sPLA2-IIA belongs to a superfamily of enzymes that hydrolyses the sn-2 fatty acyl ester bond of phosphoglycerides, generating lysophospholipids and free fatty acids [6] . These enzymes play a major role in the induction of in ammatory reactions via the synthesis of lipid mediators, such as platelet activating factor, leukotrienes and prostaglandins [5, 6] . A number of studies suggest that sPLA2-IIA is involved in the pathogenesis of in ammatory diseases including ARDS. Indeed, a clinical trial demonstrated an increased sPLA2-IIA activity in bronchoalveolar lavage (BAL) uid of patients with ARDS whose levels were positively correlated with disease severity [5] .
The assessment of the role of sPLA2-IIA activity in terms of both surfactant and compliance impairment is of major value, since its inhibition could constitute a therapeutic approach. Therefore, the aims of this study were to assess whether correlation could be established between indexes of injury (lung oedema, arterial oxygenation, lung mechanics) and surfactant degradation in experimental models of ALI. Moreover, the evaluation of three different rat models of ALI allowed the assessment of the respective roles of lung oedema and alveolar in ammation in lung compliance impairment.
Material and methods

Animals
Adult male Sprague-Dawley rats (IFFA CREDO Laboratories, L9arbresle, France) weighing 225-250 g were used in all experiments. The rats were housed in air-ltered, temperature-controlled units and were allowed free access to food and water.
Experimental procedures
Three models of rat ALI, which have been described previously [7] [8] [9] [10] , were evaluated. 1) The rst model consisted of live Pseudomonas aeruginosa in alveolar instillation [7] [8] [9] . In these experiments, a low bacterial inoculum was used, leading to no mortality. However, alveolar-neutrophil in ux was evident together with lung oedema.
2) The second model consisted of lipopolysaccaride ((LPS) Escherichia coli endotoxin 055:B5; Sigma Chemicals, L9lle d9Abeau Chêne, France) in alveolar instillation [8] . The dose instilled induced a similar alveolar-neutrophil in ux subsequent to P. aeruginosa instillation, however, almost no severe injury was evident (no mortality, mild lung oedema).
3) The third model consisted of intraperitoneal injection of alpha naphthylthiourea (ANTU; Kodak, Rochester, NY, USA; 10 mg?kg -1 , dissolved in dimethylsulphoxide (DMSO)). This injury model is characterised by the presence of lung oedema contrasting with the absence of alveolar-neutrophil in ux [10] .
Controls groups were: 1) alveolar instillation of saline (P. aeruginosa and LPS vehicle); and 2) intraperitoneal injection of DMSO (ANTU vehicle).
Rats were sacri ced at the sixth or the 24th hour. Lung injury was assessed based on: 1) cell in ux into alveolar spaces (BAL cell counts); 2) pulmonary oedema (wet-to-dry weight lung (W:D) ratio); and 3) static compliance.
In additional experiments, a pretreatment of animals with the speci c sPLA2-IIA inhibitor 3 acetamine-1-benzyl-2 ethylindolyl-5 oxypropane phosphonic acid (LY311727; ELI Lilly Indianapolis, IN, USA) was conducted. Rats were administered with 8 mg?kg -1 of LY311727 inhibitor or its vehicle DMSO intraperitoneally immediately before instillation with P. aeruginosa. Rats were sacri ced at the sixth or 24th hour after bacterial challenge. For the group studied at the 24th hour, animals received two doses of inhibitor; once before instillation and the second injection 12 h after instillation.
Preparation of bacterial inoculum
A nonmucoid P. aeruginosa strain (serotype 11) was used. On the day of the experiment, the bacteria were centrifuged, washed, and nally resuspended in saline at a concentration of 2-4 610 9 bacteria?mL -1 .
Alveolar instillation of lipopolysaccharide or Pseudomonas aeruginosa
Alveolar instillation of bacterial inoculum or LPS was performed as described previously [8] . Brie y, under halothane anaesthesia, the trachea was exposed to administer 1 mg?kg 
Determination of static compliance
Mechanical ventilation was performed as reported previously [11] , and pressure/volume curves for the respiratory system were plotted to determine static compliance as described by ROSSI et al. [12] .
Arterial blood gas measurements
Aortic puncture was performed at the time of sacri ce and arterial blood gases were measured.
Bronchoalveolar lavage
In these experiments, BAL was performed with the whole right lung, W:D lung ratio was performed with the basal part of the left lung, and the apical part of the left lung was excised, frozen in liquid nitrogen and stored at -80°C until use. The left bronchus was clamped to allow BAL of the right lung (middle and caudal lobes), using a tracheotomy tube. Five 4-mL aliquots of 37°C, sterile, pyrogen-free, 0.9% saline were ushed through the tracheotomy tube. The ve fractions were recovered and pooled. The total number of cells was counted using a standard haemocytometer. The BAL uid was then centrifuged at 3006g for 7 min. The supernatant was collected and stored at -80°C.
Wet-to-dry lung weight ratio
The freshly harvested left lung was separated, weighed, then dried at 40°C for 72 h, and nally weighed again. The W:D ratio was calculated by dividing the wet weight by the dry weight.
Preparation of rat lung homogenates
Lungs were excised, frozen in liquid nitrogen and stored at -80°C until use. Lung homogenates were prepared as described previously and then membrane fractions were used for the determination of sPLA2-IIA activity (see below) [4] .
Bacterial culture
The concentration of bacteria was quanti ed as described [9] , results were expressed as colony-forming units per gram of tissue or millilitre of BAL uid.
Measurement of type-IIA secretory phospholipase A2 activity
The measurement of sPLA2-IIA activity was carried out using the uorometric assay that has been shown to be selective for sPLA2 as described previously [13] . Brie y, the uorescent phospholipid substrate was dried under nitrogen and suspended in ethanol at a concentration of 0.2 mM. Vesicles were prepared by mixing the ethanol solution and the uorescent phospholipid with a buffer solution containing 50 mM Tris-HCl, 100 mM NaCl, 1 mM ethyleneglycol-bis-(b-aminoethylether)-N,N,N9,N9-tetraacetic acid (EGTA) with a pH of 7.5. The substrate solution was then mixed with 10% fatty-acid free, bovine serum albumin and aliquots from BAL uids and lung membranes. The reactions were initiated with CaCl 2 at a 10 mM nal concentration. The uorescence measurements were performed with a Jobin et Yvon JY3D spectro uorometer (Stamnore, UK) equipped with a Xenon lamp. To verify whether the observed activity was due to sPLA2-IIA, samples from BAL uids and lung homogenates were preincubated with sPLA2-IIA inhibitor LY311727 before the enzymatic assay.
Extraction and analysis of type-IIA secretory phospholipase A2 messenger ribonucleic acid levels
Total ribonucleic acid (RNA) was extracted from lung tissues as described previously [3] . The RNA (10 mg?lane
was electrophoresed on a 1% agarose gel by the formaldehyde method and then transferred onto nylon membranes (Amersham, Buckingham, UK). Full-length rat sPLA2-IIA complementary deoxyribonucleic acid (cDNA) was labelled with a-( 32 P)-deoxycytidine triphosphate (ICN Biochemicals, Orsay, France) using a random primer-labelling system (Amersham). The blots were hybridised overnight at 68°C and autoradiography was performed. Blots were washed off and rehybridised with mouse b-actin cDNA at 65°C as an internal control.
Surfactant phospholipid quantitation and analysis of fatty-acid release
Lipids were extracted from BAL uids, evaporated to dryness and their phosphorous content determined as described previously [4] . Large (LA) and small (SA) aggregates were separated and their ratio calculated as described previously [14] . Fatty acids were extracted according to the procedure modi ed by TSUJISHITA et al. [14] and methylated with diazomethane. The methylated derivatives were separated by gas chromatography on a capillary column containing Supelcowax 10 bonded phase (diameter 0.32 mm, 30 m long (Supelco)) on a Hewlett Packard 5890 Series II gas chromatograph (Hewlett Packard, Issy les Moulineaux, France) and detected by mass spectrometry (Nermag 10-10C).
Statistics
Results are expressed as means ¡ SEM. Intergroup comparisons were performed using nonparametric methods, namely Kruskal-Wallis rank-sign analysis of variance, the MannWhitney test, or Spearman9s rank correlation coef cient as appropriate. Statistical signi cance was de ned as p<0.05.
Results
Rat acute lung injury models
Indexes of lung injury. Comparison of the three models of ALI (table 1) showed that the different indexes of lung injury progressed in parallel since at least some degree of correlation between these indexes was evident (table 2) .
Type-IIA secretory phospholipase A2 activity and surfactant phospholipid quantitation. Alveolar instillation of LPS or live bacteria led to a similar level of neutrophil in ux into alveolar spaces and decreased static compliance. During both injuries, sPLA2-IIA messenger ribonucleic acid (mRNA) was upregulated in lung homogenate ( g. 1), which resulted in a parallel increase in sPLA2-IIA activity (table 1) . This was accompanied by a marked loss in surfactant phospholipid content 24 h after LPS or bacterial instillation ( g. 2) . No signi cant change in this content was observed 6 h after instillation (data not shown). In LPS-, bacteria-instilled rats and healthy rats, a negative correlation between the increased concentration of sPLA2-IIA activity in BAL uid and the decrease in compliance was evident ( g. 3). By contrast, ANTU-induced injury did not lead to alveolar-neutrophil recruitment or to an increase in sPLA2-IIA mRNA expression and activity (table 1 and g. 1); it also did not lead to surfactant-phospholipid degradation (data not shown). When examining all groups of rats, both sPLA2-IIA activity and BAL cell counts were positively correlated ( g. 4a). Furthermore, static compliance was negatively correlated with sPLA2-IIA activity in lung homogenate ( g. 4b).
Gas chromatography/mass spectrometry analysis of the BAL uid from bacteria-treated rats showed an increase in the levels of free fatty acids, with palmitic and linolenic acids being the major fatty acids released ( g. 2). The levels of palmitic acid were closely correlated with the increase in Table 1 sPLA2-IIA activity, suggesting that this enzyme is involved in the hydrolysis of surfactant phospholipids in this model (data not shown). Along this line, pretreatment of animals with LY311727, a speci c inhibitor of sPLA2-IIA activity, attenuated the loss of surfactant phospholipid content and associated increase in free fatty-acid levels ( g. 5), induced by bacterial instillation. Nevertheless, no signi cant modi cation of any physiological measure (even bacterial culture) in bacterial-instilled rats was apparent, irrespective of whether or not they received the inhibitor (table 1) . The authors next investigated whether hydrolysis of surfactant phospholipids in P. aeruginosa instilled rats is accompanied by a change in the ratio of LA to SA of surfactant. LA represented 103% (94-112, n=2) and 33 ¡ 6% (n=4) of total aggregates in saline and P. aeruginosa instilled animals, respectively (p<0.05). When animals were pretreated with LY311727 before instillation of P. aeruginosa the percentage of LA was 38 ¡ 13 (n=3, nonsigni cantly different from percentage of P. aeruginosa instilled rats without inhibitor).
Discussion
Surfactant de ciency has been established as the primary cause of the respiratory failure in infant respiratory distress syndrome, and transbronchial application of surfactant preparations has become the gold standard for the treatment of this disorder. In ARDS, however, surfactant de ciency seems not to be of major importance; rather, a broad spectrum of biochemical and biophysical surfactant abnormalities contributes to respiratory failure [1, 2] . These included alteration of the phospholipid and fatty-acid pro le, decreased levels of surfactant apoproteins, reduced content of large surfactant aggregates, inhibition of surfactant function by leaked plasma proteins and inhibition by in ammatory mediators. Among these factors, elevated levels of sPLA2-IIA could participate in inhibition of surfactant function [5, 6] . The authors have previously shown that sPLA2-IIA is mainly synthesised by alveolar macrophage under tumour necrosis factor (TNF)-a control [3] , and participates in surfactant degradation during endotoxin-induced ALI in guinea-pigs [4] . However, the functional consequences of the increased sPLA2-IIA activity were not assessed. Consequently, three models of rat ALI were investigated to assess whether increased sPLA2-IIA activity is a characteristic of ALI, and whether this activity correlates with the parameters of injury.
The three rat models of ALI were characterised by various degree of lung injury as shown by a signi cant decrease in respiratory static compliance and a signi cant increase in lung oedema compared with healthy rats. Interestingly, static compliance was correlated with both lung oedema and alveolar cell counts (table 2) . Accordingly with this latter nding, INGENITO et al. [15] have demonstrated a correlation between compliance (ex-vivo experiments on lung strip from acid-instilled animals) and cellular in ltration. Furthermore, activated leukocytes have been shown to cause surfactant dysfunction in vitro by serine protease-mediated degradation of surfactant protein-A [16] .
Increased type-IIA secretory phospholipase A2 activity is linked to alveolar in ammation
The main difference between the three models of ALI was that alveolar-neutrophil in ux was observed only after LPS-or bacterial instillation, as demonstrated previously [8, 10] . The authors have previously shown that an in ammatory response occurs in both LPS-and bacteria-instilled lungs, at least in term of TNF-a secretion [7, 17] , and that its local secretion participates to alveolar liquid clearance [7, 18] . Therefore, it could explain the absence of signi cant persistent oedema in these models at the 24th hour. By contrast, no neutrophil in ux was apparent during ANTUinduced injury. This difference could be explained by the lack of alveolar macrophage activation during ANTU-induced injury, probably resulting in the absence of neutrophilchemokine secretion. Along this line, it has recently been demonstrated that TNF-a secretion by alveolar macrophages is even downregulated after ANTU injury [10] . Furthermore, the relationship between alveolar sPLA2-IIA activity levels and alveolar cell counts further reinforce the link between activated macrophages and/or recruited neutrophils [19] and this enzyme secretion.
Functional consequence of increased type-IIA secretory phospholipase A2 activity
The contribution of sPLA2-IIA activity to the functional decrease in static compliance is suggested by the correlation between the increase in enzyme activity and the decrease in compliance in LPS-and bacteria-instilled rats and the evidence for surfactant degradation. This latter nding, together with surfactant-function alteration, has previously been shown in the same animal model by VANDERZWAN et al. [20] . The present results extend their results, inasmuch as surfactant phospholipids are shown to be a major target of sPLA2-IIA. Accordingly, high concentrations of palmitic acid, the major fatty acid esteri ed in surfactant phospholipids, was found in BAL uids of bacteria-instilled rats. An increase in the concentrations of other fatty acids (linoleic and linolenic acids) was also observed which suggests that sPLA2-IIA hydrolysed not only surfactant phospholipids, but also cell membrane phospholipids. Administration of LY311727, a speci c inhibitor of sPLA2-IIA activity, markedly reduced the hydrolysis of surfactant phospholids without modifying bacterial clearance (data not shown) in this ALI model. Nevertheless, other factors are probably involved in lung injury since LY311727 was unable to restore a normal static compliance. Along this line, static compliance was correlated with alveolar cell counts, therefore other mediators secreted by these activated cells could have participated to the alterations of lung mechanics. In contrast to the present authors9 ndings, FURUE et al. [21] recently demonstrated the bene cial effects of an sPLA2-IIA inhibitor (S-5920/ LY315920Na) on lung mechanics in an animal model of ALI induced by oleic acid. The main difference from the present study9s experimental design was that FURUE et al. [21] assessed injury parameters during the rst 6 h following the onset of oleic acid administration.
The results also showed that bacterial instillation markedly decreased the ratio of LA to SA. However, administration of sPLA2-IIA inhibitor LY311727 failed to prevent this decrease, which suggests that hydrolysis of surfactant phospholipids by sPLA2-IIA may not play a major role in the change of ratio aggregates observed in P. aeruginosatreated rats. A limitation of this study was the absence of direct measurement of functional consequence of surfactant hydrolysis. However, both in-vitro and in-vivo studies have demonstrated that this hydrolysis signi cantly increased surface tension of surfactant [22, 23] .
In summary, rat models of ALI demonstrated that an increase in both sPLA2-IIA activity and surfactant degradation occurred when alveolar in ammation was present. This was associated with a decrease in static compliance. This study demonstrates the induction of sPLA2-IIA and its involvement in surfactant degradation in an animal model of ARDS induced by bacterial infection. This model is of more pathophysiological relevance than the previously reported model using LPS as the inducer of ALI.
It would be of interest to investigate whether lipopolysaccaride is the rst bacterial component involved in the induction of type-II secretory phospholipase A2. Animals treated with a speci c inhibitor of type-II secretory phospholipase A2 activity demonstrated no improvement in physiological parameters despite a biochemical effect, suggesting that its activity (and probably surfactant degradation) is only one of the multiple factors involved in acute lung injury pathophysiology. Consequently, further experiments are warranted to explore whether type-II secretory phospholipase A2 activity inhibition could be associated to other treatments as exogenous surfactant.
